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Subject: Hydraulic s tudies  of a pressure reducing system f o r  the  
transformer cooling water--Grand Coulee Pawer Plant--Columbia 
Basin Project ,  Washington 

PURPOSE OF STUDY 

To develop a sa t i s fac tory  system, using a plug valve and two 
t h i n  p la te  o r i f i ce s  in  a 3-inch pipe l i ne ,  f o r  -..~ducing the  pressure of 
the  water before it enters  the transformer cooling system; and thus 
replace the present pressure-regulating valves which "hunt" and require 
excessive adjustment and maintenance. 

CONC WSIONS 

1. The plug valve-orif ice  system in  which two 2.086-inch-diameter, 
square-edge, thin-plate o r i f i ce s  placed downstream of a plug valve i n  a 
3-inch pipe l i ne  ( ~ i g u r e  2 ~ )  w i l l  opzrate s a t i s f ac to r i l y  over a discharge 
range of 0.225 t o  1.34 c f s  f o r  any upstream pressure when the d i f f e r e n t i a l  
head across the system i s  115 f e e t  and the downstream pressure is not, l e s s  
than 18 f e e t  of water. 

2. With an upstream pressure of 153 f e e t  and a variable head 
d i f f e r e n t i a l  across the system as  shown on Figures 4~ and B, there  is l oca l  
cavi ta t ion at discharges exceeding 0.75 c fs .  The downstream o r  back pres- 
sure is too low f o r  the  153-foot u p s t ~ a m  pressure. The minimum back 
pressure needed t o  eliminate cavi ta t ion with t h i s  upstream pressure was 
not determined i n  the t e s t  program. 

3. The o r i f i ce  spacing used i n  the t e s t s  did not a f f ec t  the loss 
through individual o r i f ices .  The l o s s  through each was the same a s  f o r  
an unobstructed s ingle  o r i f i c e  i n  a l i n e  (F'igure 5); thus, f o r  a given 

v back pressure the plug valve must absorb changes i n  l o s s  due t o  variations 
i n  upstream pressure when a constant supply of cooling water is desired.  



of the o r i f i c e s  as shown on Figure 2B, i s  unsat is factory.  Pressures a t  
the valve i n l e t  a r e  low f o r  the upper discharge range and fu r the r  reduc- 
t i on  i n  pressure as the water passes through the  valve causes cav i ta t ion  
below the  valve. The pressure curves shown on Figure 4~ f o r  piezometers 
7 and 8, although not indicat ing cavi ta t ion pressures at  these points ,  a re  
very low. The cav i ta t ion  evidenced i n  the t e s t s  was no doubt of a l o c a l  
nature and i n  the  v i c i n i t y  of the  low-pressure zone. 

5 .  Regardless of whether the plug valve i s  upstream o r  downstream 
of the o r i f i c e ~ t h e  greater  port ion of the  head l o s s  across the  plug 

a 
valve-orif ice system occurs a t  the  valve f o r  the  smaller  discharges and 
a t  the  o r i f i c e s  f o r  the l a rge r  discharges. 

6. The admission of air in to  the subatmospheric pressure regions 
w i l l  e l iminate cavi ta t ion i n  e i t h e r  arrangement. However, too much a i r  
causes pipe l i n e  vibration,  which f o r  some undetermined reason i s  more 
severe i n  the system i n  which the  valve is placed downstream of the  
o r i f  ices .  

7. Effect ive  pressure reduction can be obtained f o r  any head and 
discharge by a plug valve-orif ice system, but  the arrangement, spacing, 
number, and s i ze  of o r i f i c e s  a r e  f ac to r s  which must be given ca re fu l  
consideration. I n  cases of constant discharge under constant head and a 
constant head reduction, e f fec t ive  pressure reducing systems csn be made 
by using successive o r i f i c e s  alone i n  a pipe l i n e .  

8. Although the  losses  f o r  plug valves w i l l  d i f f e r  with d i f f e r en t  
makes they should not vary widely f o r  t he  same standard and should com- 
pare c lose ly  with those obtained i n  these t e s t s .  

RECOMMENDATIONS 

1. U s e  t he  plug valve-orif ice system, i n  which the  valve i s  placed 
upstream of the  o r i f i c e s  a s  shown on Figure 2A, t o  reduce the pressure of 
the  transformer cooling water a t  Grand Coulee Dam. 

2. The m i n i m  spacing of the valve and o r i f i c e s  i n  the system 
should be a s  shown on the  f igure .  

I 3 .  Regulate the  back pressure but  not t o  exceed the  safe  working 
pressure of the  system ra ther  than adn i t  air t o  el iminate cav i ta t ion  should 
any be encountered during normal operation. I .  



Cooling water f o r  t h e  transformers a t  Grand Coulee Dam i s  
supplied through a pipe system or ig ina t ing  a t  t h e  turbine  s c r o l l  case. 
Three-inch pressure-regulat ing valves have been used i n  these  l i n e s  t o  
reduce the  pressure t o  about 60 f e e t  of water  i n  t h e  transformer cooling 
tubes. The f i r s t  valves i n s t a l l e d  were equipped with p i l o t  controls .  

a 
D e t a i l  C ( ~ i g u r e  6 )  i s  typ ica l .  The p i l o t  valves were t o o  s e n s i t i v e  t o  
l i n e  pressure f luc tua t ions ,  producing "hunting" o r  cont inual  movement 
of t h e  operat ing mechanism of t h e  pressure-regulat ing valves,  causing 

8 excessive wear and maintenance. I n  subsequ.?nt i n s t a l l a t i o n s  t h e  p i l o t  
valves were eliminated; D e t a i l  C ( ~ i g u r e  7)  16 t y p i c a l .  The "hunting" 
was reduced bu t  not  eliminated so t h a t  excessive wear s t i l l  occurred. 
A t o t a l  of 31 pressure-regulat ing valves were provided, including 1 5  
emergency a l t e r n a t e s .  

The Hydraulic Machinery Division proposed using a plug valve 
f o r  regula t ion i n  conjunction with two th in-pla te  o r i f i c e s  t o  reduce t h e  
pressure ,  s impl i fy  t h e  system, and decrease maintenance. A t e s t  program 
w a s  i n i t i a t e d  t o  study the  two proposed pressure-reducing systems shown 
on Figure 2 .  The program was planned t o  include t h e  following par ts :  

a. With the  o r i f i c e s  placed downstream from t h e  plug valve, 
study the  head losses  a t  a constant  upstream' pressure head of 185 
f e e t  of water, with a 115-foot constant  head l o s s  across  t h e  system, 
and f o r  a discharge range of 0.225 t o  1.340 cubic f e e t  pe r  second. 

b. The same arrangement a s  ( a )  except with var iable  head l o s s  
across  the  system, and the  back pressure as near atmospheric as 
poss ib le .  

c .  The same a s  ( b )  except admit air t o  the  subatmospheric 
pressure area  behind t h e  downstream o r i f i c e .  

d.  The same conditions a s  (b )  and ( c )  except with t h e  plug 
valve i n s t a l l e d  downstream from t h e  o r i f i c e s .  

TRE INVESTIGATION 

Descript ion of' t h e  Pressure Reducer Test  Apparatus 

The t e s t  apparatus consisted of a 3-inch plug valve and two 
o square-edge , th in-pla te  , 2.0%-inch-diameter o r i f  i c e s  contained i n  a 

3-inch pipe l i n e  placed i n  the  labora tory  supply system. The two 
arrangements of valve and o r i f i c e s  t e s t e d  are shown on Figures 1 and 2. 



the flanges of sections of 3-inch pipe. The plug valve was a 75-pound 
water o r  gas, cas t  aluminum valve manufactured by Nordstnun, used pre- 
viously i n  the laboratory. Pressure taps,  or piezometers, were placed 
a t  specific locations along the  horizontal  centerl ine of the  pipe as 
shown on Figure 2. The upstream pressure on the  pressure reducing appa- 
ra tus  was controlled by gate valves i n  the laboratory supply aystem 
while the  back pressure or  downstream pressure was controlled by a gate 

1) valve i n  the  downstream piping which emptied in to  the laboratory storage 
channel. The water was supplied by two 12-inch centr i fugal  pumps oper- 
a t ing i n  se r ies  and measured by an o r i f i ce  venturi  meter i n  the laboratory 
supply system. 

A commercial gas meter was used ", measure a i r  admitted t o  
low-pressure regions t o  eliminate cavitation.  This meter was used a f t e r  
the quanti ty of a i r  was found t o  be too small t o  permit a sa t i s fac tory  
measurement by an or i f ice .  However, the  only meter available was too 
large f o r  accurate measurement of the  small quanti ty and the quant i t ies  
recorded were therefore only approximate. 

Plug Valve Located Upstream from the Two Orif ices  

The m a x i m  pressure head from the  two pumps was 153 f e e t  of 
water f o r  the maximum specified discharge of 1.34 c f s  through the system. 
This 153-foot head was the basic i n l e t  head used-in  t he  tests, which was 
32 f e e t  less than the 185 f e e t  specified. A back pressure of 38 f e e t  
m s  maintained during the first t e s t  t o  give the1 specified constant head 
l o s s  sf 115 f e e t  across the  system. The losees f o r  the various components 
of the  system are shown on Figure 3A and the pressures on Figure 3B. It 
is  evident from Figure 3A t h a t  most of the  l o s s  occurs i n  the  plug valve 
a t  s m a l l  discharges and i n  the o r i f i ce s  a t  high discharges. For example, 
with 0.225 c f s  discharge, the  t o t a l  loss  f o r  the o r i f i ce s  i s  4 f e e t  and 
the plug valve 111 f e e t ;  whereas, f o r  a d i s c h r g e  of 1.34 c f s  the l o s s  
f o r  the  o r i f i ce s  is 108 f ee t ,  and the plug valve 7 f e e t ,  o r  a t o t a l  of 
l l 5  f e e t  of water i n  both cases. The pressure d i s t r ibu t ion  curves on 
Figure 3B show the pressures a t  several  points along the system. The 
location of the piezometers i s  shown on Figure 2A. 

Figure 5 i l l u s t r a t e s  another method of showing the losses .  
On Figure 5 the pressures a t  the piezometers a re  plot ted i n  comparison 
with theore t ica l  curves f o r  single o r i f i ce s  calculated from the informa- 
t i on  given i n  Figure 12, Par t  l, page 34, of the 1924 ASME report "Fluid 
Meters." Only three typical  curves a re  shown, because with t h i s  method 
a separate curve is required f o r  each discharge. 

The system operated sa t i s f ac to r i l y  during t h i s  t e a t  with no 
I evidence of cavitation,  although moderate vibration occurred a t  discharges 
I .  



diss ipat ion of the  energy of the  high-velocity j e t  of water i n  the  pipe 
downstream from the o r i f i ce s .  

The back pressure w a s  reduced u n t i l  cav i ta t ion  s t a r t ed  t o  occur 
a t  the maximum discharge with a d i f f e r e n t i a l  of 115 f e e t  of water. This 
was done t o  determine the minimum back pressure f o r  the  system t o  function 
properly with the  115-foot d i f f e r en t i a l .  This minimum safe back pressure 
w a s  determined t o  be 18 f e e t  of water f o r  a discharge of 1.34 c f s ,  which 
reduced the  i n l e t  head from 153 t o  134 f e e t  of water. Head losses  and 
pressures are  shown on Figures 3C and D . The losses  f o r  the  valve and 
or i f i ce s  w e r e  t he  same as  i n  the  preceding t e s t ,  and the  pressures were 
displaced by the  difference sf the i n l e t  heads. The pressure a t  
piezometer ~6 (one-half pipe diameter downstream of the  downstream 
o r i f  j ce) with a discharge of 1.34 cf s was a minus 25 f e e t ,  which approached 
the  vapor pressure of water. A reduction i n  pressure upstream f romthe  
first o r i f i ce  combined with a reduced discharge w i l l  permit even a lower 
back pressure. No attempt was made t o  determine t h e  minimum back preasure 
f o r  each of the t e s t  discharges f o r  the  constant specif ied loss  cf 115 
f e e t .  Sat isfactory pressure conditions w i l l  e x i s t  i n  t h i s  pressure 
reducing system f o r  the specified head and head d i f f e r e n t i a l  because the  
pressure below the  downstream o r i f i ce  w i l l  r i s e  a s  the  back pressure i s  
increased. 

There a re  innumerable combinations of discharge, i n l e t  pressures, 
and back pressures t h a t  a re  safe,  but f o r  p rac t ica l  regulation, i f  the  
system is operated a t  i n l e t  and back pressuresathat a r e  safe f o r  maximum 
discharge, then no trouble w i l l  occur a t  l e s s e r  discharges. There is  an 
exception, however; a t  small d i s c h a r ~ e s  most of the  l o s s  is  taken i n  the  
valve. For these small discharges there  can be a c r i t i c a l  head on the  
valve depending on degree of valve openings at  which cavi ta t ion v i l l  occur 
i n  the valve. This condition i s  not expected f o r  the  system a t  Grand 
Coulee unless there  i s  continual operation st high head and at discharges 
appreciably below the maximum, 1.34 c f s .  If such i s  the  case, smaller 
o r i f i c e s  can be used t o  a l l ev i a t e  the  high l o s s  through the  valve. An 
in te res t ing  observation was made during the tests. Cavitation could not 
be made t o  occur i n  tlle plug valve o r  immediately downstream with the  
available head, a t  very small openings, because of the  high head losses  
i n  sudden contractions and enlargements i n  the  valve flow passage. The 
water enters  the valve through a sudden contraction a t  the plug, passes 
i n to  a sudden enlargement inside the  plug, leaves the  plug through a 
sudden contraction, and en te rs  a sudden enlargement i n t o  the pipe. This 
permits a very large head l o s s  without obtaining cav-itation pressure. 

4 The r e s u l t s  of a t e s t  with a n  i r i le t  head of 153 f e e t  of water 
and the  back pressure as  near atmospheric a s  possible are shown i n  
Figures 4~ and B. A t  a l l  discharges l e s s  than 0.78 c f s ,  back pressure . 



back pressure was maintained a t  a minimum of about 2 f e e t  of water. The 
loss  through the  or i f ices  was the same a s  i n  the  previous t e s t s  a s  rhown 
on Figures 3A and C ,  with the plug valve absorbing any change i n  i n h t  
head. Cavitation was present downstream of the  second o r i f i ce  a t  d i s -  
charges from 0.78 t o  1.34 cf s ,  although the pressure a t  piezometer ~6 
did not measure vapor preasure ( ~ i g u r e  4 ~ ) ;  t h i s  indicated t h a t  the  cavi- 
t a t ion  occurred loca l ly  and the piezometer was not located correct ly  t o  
]measure it. However, a t  the  maxirmtm discharge the pressure a t  piezometer 
~6 does approach vapor pressure. Operation 'under these conditions was 

6 u n s a t i s f a c t o ~ j  f o r  discharges >n -., excess of 0.78 cfs .  

Suff ic ient  a i r  t o  Just  eliminate cavi ta t ion was supplied 
- 

immediately downstream from the eecond o r i f i ce .  The amount was too small 
t o  be accurately measured with available equipment, but was approximately 
1 t o  2 cubic f e e t  of f r ee  air per minute. An excess of air created a 
severe vibration i n  the pipe l ine .  

Plug Valve Located Downstream from the Two Orifices 

An i n s t a l l a t i on  sketch of the plug valve located downstream 
from the two o r i f i ce s  is shown i n  Figure 2B. The i n l e t  head P1 was s e t  
a t  153 f e e t  of water and the back pressure w a s  maintained a t  atmospheric 
f o r  discharges l e s s  than 0.80 c f s  t o  keep the downstream piezameters 
under water. The loss-in-head curves (Figure 4 ~ )  a re  similar t o  the loss  
when the plug valve i s  placed upstream of the or i f ices .  Cavitation, now 
occurring a t  the  valve, i s  much more severe and i s  present i n  t he  range 
of 0.50 t o  1.34 cf s (F'igure 4 ~ ) .  This cavitation is loca l  i n  the  plug 
valve because cf the lower pressure gradient through the valve. A i r  
admission re l ieves  the cavitation but the system vibrates  severely. 

Piezometer Locations 

The piezometer locations shown on Figures 2A and B w e r e  selected 
where the minimum pressures and f u l l  recovery pressures were expected t o  
occur. These locations were sa t i s fac tory  u n t i l  cavi ta t ion developed. 
Two conditions of cavitation were encountered; loca l  cavi ta t ion which 
extends but a very short  l i n e a l  distance below the obstruction causing 
vapor pressure, and general cavitation where the cavi ta t ion envelope 
surrounds the j e t  and extends downstream. With loca l  cavi ta t ion the 
vapor pressure occurs and recovers t o  a pressure greater  than vapor pres- 
sure before reaching the piezometer location selected f o r  the minimum 
pressure; thus, the piezometer does not record the minimum pressure. 
I n  cases of general cavitation the envelope extends downstream a suf f ic ien t  

8 distance t o  a f f ec t  the pressure at  t h e  piezometer location selected f o r  full 
recovery pressure, thus recording low, erroneous recovery pressures. 
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DISCHAROE IN C.C.S. DISCHAROC I* C.1.S. 
A - H E A D  L O S S  C U R V E S  8 - P R E S S U R E  D I S T R I B U T I O N  C U R V E S  

153 FOOT INLET HEAD 

DISCHARQC I* C.C.S. 

t - H E A D  L O S S  C U R V E S  
D1SCMAR.C IN C.C.S. 

D - P R E S S U R E  D I S T R I I U T I O N  C U R V E S  

1 3 4 F O O T  I N L E T  HEAD 

COLUMBIA BASIN  PROJECT - WASMINOTON 
GRAND COULEE POWER PLANT 

1 RANSFORMER COOLING WATER 
PRESSURE REDUCER 

HEAD LOSS AND PRESSURE OlSTRl~UTlON CURVES 
CONSTANT OIFFERENTIAL ACROSS SYSTEM 

N O T E S  
1 1\11 curves opply to plug rolre 

upstredm from tho o t ~ f ~ c e s .  
2 Pl,PZ.rtc ~ n d ~ c o l e  pttrornrter 

numbers, ser 11pure I .  
1 Vrrltcol dotted llnrs r@present 

test d~schorper. 



DISCMAROC IN C.C.O. OISCMPROC I N  C.E I. 
A. MEAD LOSS CURVES 0. PRESSURE DISTRIBUTION CURVE 

PLUG VALVE UPSTREAM FROM ORIFICES 

N O T E S  
I. Al l  Curves apply to 153 

loot mlet head 
Z.Pl,PZ. t t c  ~ndsote plrtometer 

numbers,see I~gur t  P 
3. VrrtKol dotted I ~ n t r  rrprrsrnt 

t o 1  u~rcnorqes 
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C. MEAD LOSS CURVES D. PRESSURE DlSTRllUTlOW CURVE 

PLUG VALVE DOWNSTREAM FROM ORIFICES 

COLUMBIA IIASIN PROJECT-WASW~NGTO~ 
GRAND COLILEE POWER PLANT 

TRANSFORWIER COOLING W A T E R  
PRESSURE REDUCER 

HEAD LOSS AND PRESSURE OISTRIBUTION CURVES 
VARIABLE DIFFE'RENT lAL ACROSS SYSTEM 








